A method of active vibration control using regenerated vibration energy, i.e., the self-powered active vibration control is proposed. In this system, vibration energy is regenerated with an electric generator ,which is called energy regenerative damper, and is stored in a condenser. An actuator attains active vibration control using the energy stored in the condenser. A variable resistance is used to control output force of the actuator. Since the damping coefficient of the energy regenerative damper is uncertain when it regenerates vibration energy, it is required for the controller to be robust to parameter uncertainty; H ∞ control method is applied to the system. Through experiments, the self-powered active control system is proved to have better isolation performance in comparison with that of a semi-active or a passive control system.
INTRODUCTION
Active vibration control has been applied to several systems. It has better isolation performance than a passive control system. However, an actuator requires external energy in the active control system. This is one of the drawbacks of an active vibration control system. In order to solve the problem of the energy consumption, a semi-active control system has been studied [1] and applied to practical systems [2] . In the semi-active control system, the variable damper whose damping coefficient can be changed, is controlled to produce force equal to the actuator would. Controlling the variable damper requires no energy. However, there is the limitation to produce the desirable force by controlling the damping coefficient of the variable damper; negative damping force cannot be produced. An active vibration control using regenerated vibration energy, i.e., self-powered active vibration control has been proposed [3] . In the self-powered control system, all the energy for active control is supplied from the damper which regenerates vibration energy. The system can realize active control without external energy and has better isolation performance than a passive or a semi-active control system. In this paper, the selfpowered active control is applied to a two-degrees-offreedom suspension system. The electric generator, which is called energy regenerative damper, is placed in the primary suspension. The energy regenerative damper absorbs the vibration energy and stores it in the condenser. An actuator is located in the secondary suspension. It attains active vibration control with the energy stored in the condenser. Output force of the actuator is controlled by the variable resistance. In the self-powered active control system, the energy regenerative damper reduces its damping force when it regenerates vibration energy [4] . H ∞ control theory, which is robust to parameter uncertainty, is applied to the system. Through experiments, the self-powered active vibration control is realized and is proved to have better isolation performance than a passive or a semi-active control system. Figure 1 shows the proposed self-powered active vibration control system. Two linear DC motors are installed in the system. The linear DC motor in the primary suspension regenerates vibration energy and stores it in the condenser, and the linear DC motor in the secondary suspension uses the energy stored in the condenser to attain active control. The objective of the active control is to isolate the second mass m 2 from disturbance. A variable resistance is used to control the armature current of the actuator. The linear motor in the primary suspension is called the energy regenerative damper and the linear motor in the secondary suspension is called the actuator. 
PROPOSED SYSTEM

ENERGY REGENERATION Circuit of the Energy Regenerative Damper
Electric circuit of the energy regenerative damper is shown in figure 2 . By relay switches, induced voltage is rectified, and the terminal of the motor can be connected to a condenser or to a short-cut circuit. When the motor is connected to the condenser, vibration energy is regenerated, and when the motor is connected to the short-cut circuit, it works as an ordinary passive damper.
FIGURE 2: Electric Circuit of the Energy Regenerative Damper
Passive Damper Mode
We assume that induced voltage of the energy regenerative damper is proportional to the stroke velocity, and output force is proportional to a current of the armature. When the stroke velocity of the energy regenerative damper is & z 1 , and the current is i 1 , induced voltage v 1 and output force f 1 are written as, v z
where ϕ 1 is proportional constant called motor constant. When both electric terminals of the energy regenerative damper are connected to a short-cut circuit, the electric current is, i r z
where r 1 symbols inside resistance of the motor. From equation (2) and (3), the following relation can be obtained. 
This mode is called passive damper mode. Energy absorbed by the damper ,which is symbolized by E a , is given by
where dt is minute time.
Energy Regeneration Mode
When the energy regenerative damper is connected to the condenser, the current of the circuit i 1 is obtained as
where e is the voltage of the condenser. This mode is called the energy regeneration mode. Energy stored in the condenser ,which is symbolized by E s , is obtained as
Energy absorbed by the energy regenerative damper, symbolized by E a , is given by
The ratio of E s to E a is defined as efficiency of the energy regeneration. The efficiency α can be written as
By using α , we can express the energy absorbed by the energy regenerative damper in the form of
Comparing equation (6) with equation (11), we can find that the energy regenerative damper reduces its damping force when it regenerates vibration energy.
Control of the Circuit
The energy regenerative damper can regenerate vibration energy when the induced voltage is higher than the voltage of the condenser. However, to prevent abrupt reduction of the damping force, it is proposed to keep the reduction below 50 percent of the damping force in the passive damper mode. The condition under which the energy regenerative damper regenerates vibration energy is decided as 0 5 1 1 .
Under this condition, the energy regenerative damper in the energy regenerative mode can produce more than 50 percent of the damping force it would produce in the passive damper mode. When 0 5 1 1 . & ⋅ ⋅ < ϕ z e, the energy regenerative damper works as an ordinary passive damper.
ACTIVE VIBRATION CONTROL Dynamics Model
State space equations shown in equation (13) 
B m
Parameters are shown in table 1. These parameters are obtained from the specifications of the experimental setup, which is to be mentioned later. From the motor constant and the inside resistance, we can calculate that c eq1 is 4.7 Ns/m. 
Generalized Plant
Generalized plant is shown in figure 3 . The controlled value u and the acceleration of the second mass && x 2 are weighted by weighting functions W 1 and W 2 respectively.
FIGURE 3: Generalized Plant
Robust Stability
Weighting function W 1 is designed for maintaining uncertainty of the damping coefficient of the energy regenerative damper ∆( ) s . The reduction ratio of the damping force is considered to be below 50 percent. As shown in figure 4 
This problem is solved and H ∞ controller of the system is designed by MATLAB. Figure 5 and figure 6 show the frequency response of G 1 (s) and G 2 (s) respectively. We can find that the problem of the general mixed sensitivity is solved. 
FIGURE 6: Frequency Response of 2nd Mass Acceleration
Electric Circuit of the Actuator Figure 7 shows the electric circuit of the actuator. By relay switches, the terminal of the motor can be connected to the condenser or to the short-cut circuit. The variable resistance is installed in the circuit to control the output force of the actuator. 
FIGURE 7: Electric Circuit of the Actuator
where & z 2 , c min , and c max are the stroke velocity of the actuator, the minimum damping coefficient, and the maximum damping coefficient respectively. When the condition represented in equation (21) is not satisfied, the semi-active controller can not produce force that the active controller would. In the proposed control system, the maximum damping coefficient equals the equivalent damping coefficient of the actuator, symbolized by c eq2 , and the minimum damping coefficient is zero. The condition under which the semi-active control is attained in this system, is obtained as 
When the induced voltage is higher than the condenser voltage, the condenser is disconnected to prevent the current from flowing backward. Then the actuator works as the damper that has the minimum damping force; it produces no force. In this mode, the system can not attain active control correctly.
EXPERIMENTS Schematic of the experimental set-up
The self-powered active vibration control is realized and its isolation performance is examined on experiments. Figure 8 shows the schematic of the experimental set-up. Experimental devices are placed on the table of the vibration exiter that vibrates vertically. Linear DC motors are installed in the spring of the primary suspension and of the secondary suspension. The motor in the primary suspension works as the energy regenerative damper, and the motor in the secondary suspension works as the actuator. Acceleration sensors are attached to the second mass, the first mass, and the table. The variable resistance can be changed to eight different values: 0 Ω , 0.8 Ω , 1.8 Ω , 3.8 Ω , 6.7 Ω , 9.7 Ω , 14.8 Ω , and 24.5 Ω . The value that is the closest to the calculated resistance r var of those that is more than r var is selected. The specifications of the experimental set-up are the same as the parameters shown in table 1. Equivalent damping ratio of the energy regenerative damper is 0.16 and that of the actuator is 0.19. Natural frequencies are 1.7 Hz and 3.1 Hz.
FIGURE 8: Schematic of the experimental Set-up
Disturbance
Random vibration is used to examine the isolation performance of the self-powered active vibration control. Figure 9 indicates the power spectral density of the disturbance: displacement of the table. The power spectral density decreases as frequency becomes higher. The actual output force of the actuator in the selfpowered active vibration control is shown in figure 10 . Target force means the force that the actuator should produce to attain active control. And the maximum damping force is the force that the actuator would produce when it works as the firmest damper. Approximately, the output force of the actuator follows the target force. The actuator attains H ∞ control well. However, when the target force is large, the actuator can not produce force as required. The amount of the energy consumed during the period shown in figure 10 is 28.1 mWs. 
Output Force of the Energy Regenerative Damper
The damping force of the energy regenerative damper is shown in figure 11 . In the figure, ideal damping means the damping force that the energy regenerative damper would produce in passive damper mode. When the actual damping force is lower than ideal damping force, the energy regenerative damper regenerates vibration energy. where c is the capacity of the condenser. The increased energy is found to be 1.2 mWs by calculation. The energy consumed by the actuator is 28.1 mWs and the regenerated energy is 29.5 mWs. Some errors exist, however, it is proved that the difference between the regenerated energy and the consumed energy appears as the increase of the energy stored in the condenser. Figure 13 shows transmissibility between the displacement of the table of the vibration exiter and the acceleration of the second mass. The transmissibility is obtained as the square root of the ratio, which is the ratio of the power spectral density of the second mass acceleration to that of the displacement of the disturbance. Semi-active control means the control system that the actuator produces the maximum damping force when the damping force is required to be firmer than maximum damping force, and do not produce force when the negative damping is required, and attain semiactive control under the condition shown in equation (22). The passive control system is the system that the actuator do not produce force. In the semi-active control system and the passive control system, the energy regenerative damper is always in passive damper mode. From the experimental results shown in figure 13 , it is proved that the isolation performance of the selfpowered active vibration control system is better than that of the semi-active or the passive control system. 
Isolation performance
CONCLUSION REMARKS
Conclusion remarks obtained in this study are as follows. 1) Self-powered active vibration control, which realize active control without external energy, is proposed. 2) By installing variable resistance to the self-powered active vibration control system, continuous output force can be simulated by the experimental devices. 3) With H ∞ control theory, controller, which has the robust stability to the reduction of the damping force of the energy regenerative damper, is designed. 4) Through experiments, the proposed system is proved to have better isolation performance than that of the semi-active or the passive control system. 5) Energy flow among the energy regenerative damper, the condenser, and the actuator is measured on the experiments.
